The extent of within-host genetic diversity of parasites has implications for our understanding of the epidemiology, diseasese verity and evolution of parasite virulence. As with many other species, our understanding of the within-host diversity of the enteric parasite Cryptosporidium is changing.
Next Generation Sequencing uncovers within-host differences in the genetic diversity of Cryptosporidium gp60 subtypes Alireza Zahedi a 
Introduction
Humans and animals often become co-infected with different species and genotypes of the same parasite genus, resulting in within-host parasite interactions (Holmes and Price, 1986; Read and Taylor, 2001; Choisy and de Roode, 2010; Seppälä and Jokela, 2016) . Importantly, the presence of co-infecting parasite species/genotypes within a host can potentially modify parasite fitness by allowing them to adapt to different selection pressures and can drive the evolution of parasite virulence and alter host susceptibility to other parasites, infection duration, disease severity, transmission risks, clinical symptoms and consequently treatment and prevention strategies (Vaumourin et al., 2015; Grinberg and Widmer, 2016; Seppälä and Jokela, 2016) . Therefore withinhost parasite interactions have important repercussions for human or animal health. For instance, parasite co-infections within a single host can result in gene exchange via recombination. This can drive parasite evolution by making the parasites more resistant to drugs. Interactions among coinfecting parasite species, genotypes and subtypes of the same parasite genus can also modify coevolutionary dynamics between the host and parasites. In addition, parasite interactions can help with maintaining genetic variation in parasite traits such as infectivity and virulence which are crucial components of pathogen fitness and are important to better understand disease dynamics and the changing epidemiology of parasitic diseases (Seppälä et al., 2012; Vaumourin et al., 2015; Seppälä and Jokela, 2016) .
Cryptosporidium spp are ubiquitous enteric parasites that infect a broad range of hosts including humans and animals (Xiao, 2010) . They are a major contributor to moderate-to-severe diarrhoeal disease in developing countries and are second only to rotavirusas a cause of moderate-to-severe diarrhoea in children younger than 2 years (Kotloff et al., 2013) . Of the 31 species currently recognised, Cryptosporidium parvum and Cryptosporidium hominis account for the majority of human infections and typed outbreaks (Xiao, 2010; Ryan et al., 2017) , with the exception of Cryptosporidium cuniculus which was responsible for a waterborne outbreak in the UK (Puleston et al., 2014) . The parasite is transmitted via the faecal-oral route through human to human, animal to human and animal to animal contact, and via contaminated water; therefore hosts are exposed to multiple sources of potentially genetically diverse oocysts (Xiao, 2010; Grinberg and Widmer, 2016) .
Once ingested, sporozoites excyst from the oocyst, invade the host cells and undergo subsequent rounds of asexual and sexual reproduction.
Currently, the only available drug for human infections (nitazoxanide -Romark Laboratories, Florida, USA), has variable efficacy (Abubakar et al., 2007; Amadi et al., 2009 ) and an effective vaccine has yet to be developed (Mead, 2014; Ryan et al., 2016) . Halofuginone lactate (Halocur; Intervet, New Zealand) is commercially available against cryptosporidiosis in dairy calves, with variable efficacy (Trotz-Williams et al., 2011; Almawly et al., 2013) . Therefore, Cryptosporidium control currently relies mainly on improved sanitation and understanding its transmission dynamics.
Analysis of the extent of within-host genetic diversity in Cryptosporidium has been hampered due to the difficulties in culturing this parasite, with clonal lineages derived from individual sporozoites unavailable (Grinberg and Widmer, 2016) . Of the multilocus sequencing typing strategies employed to examine within-host genetic diversity, sequence analysis of the glycoprotein60 (gp60) gene is the most common (Xiao, 2010) , as it is the most polymorphic locus in the genome (Abrahamsen et al., 2004) . Despite the importance of within-host genetic diversity for our understanding of cryptosporidiosis epidemiology, relatively little is known (Cama et al., 2006; Waldron and Power, 2011; Jeníková et al., 2011; Shrestha et al., 2014; Ramo et al., 2014 Ramo et al., , 2016 . Most studies have relied on conventional PCR and Sanger-based genotyping methods, and automated fragment analysis, however a major limitation of these approaches is their inability to resolve complex DNA mixtures and detect low-abundance intra-isolate variants (Paparini et al., 2015; Grinberg and Widmer, 2016) .
Next Generation Sequencing (NGS) of amplicons offers the advantage of massive parallelization of sequencing reactions to more effectively identify low-abundance genotypes in mixed infections. To date, only one study has examined the extent of intra-isolate diversity of Cryptosporidium at the gp60 locus using NGS . In that study, NGS analysis of two C.
parvum samples from one geographic location (New Zealand) revealed much higher levels of intraisolate diversity compared with Sanger sequencing. In the present study, we examined intra-host genetic diversity of a much larger number of Cryptosporidiumsamples (n = 41) from three different species (C. hominis, C. parvum and C. cuniculus) and from two distinct geographic regions (Australia and China), using both NGS and conventional Sanger sequencing at the gp60 locus to better understand the epidemiology of this important parasite. Animal faecal samples in Australia were collected from watersheds within the WaterNSW (New South Wales) area of operations and included two dairy farms and faecal samples collected from the surrounding bushland. Faecal samples from
China were collected from a cattle breeding centre and two dairy farms, all located in Henan province.
Materials and methods

Sample collection and processing
A total of 41 DNA samples positive for Cryptosporidium, belonging to three Cryptosporidium spp.
(as determined by Sanger sequencing -see Section 2.3), were analysed in the present study; C. parvum (n = 22) from cattle (Bos taurus), C. hominis(n = 11) from Eastern Grey kangaroos (Macropus giganteus), and C. cuniculus (n = 8) from rabbits (Oryctolagus cuniculus).
DNA isolation
Upon collection, faecal samples were stored at 4 °C until analysed. Following five cycles of freezethaw, genomic DNA was extracted from 250 mg of each faecal sample using a Power Soil DNA Kit (MO BIO, Carlsbad, California, USA). Extraction blanks (no faecal sample) were used in each extraction group. Purified DNA was stored at −20 °C prior to PCR. DNA extraction and post-DNA extraction procedures were performed in separate dedicated laboratories.
Sanger sequencing
All samples were initially identified to species level at the 18S locus using nested PCR amplification and Sanger sequencing of a fragment of the 18S locus as previously described (Silva et al., 2013) .
Samples were then subtyped at the gp60 locus using a nested PCR to amplify an approximately 400 bp product using the primers AL3531 (5′-ATAGTCTCCGCTGTATTC-3′) and AL3533 (5′-GAGATATATCTTGGTGCG-3′) for the primary PCR, and AL3532 (5′-TCCGCTGTATTCTCAGCC-3′) and LX0029 (5′-CGAACCACATTACAAATGAAGT-3′) for the secondary PCR (Sulaiman et al., 2005) . Each 25 µl PCR mixture contained 1 µl of genomic DNA, 1×
Go Taq PCR buffer (KAPA Biosystems, South Africa), 3.75 mM MgCl2, 400 µM of each dNTP, 0.4 µM of forward and reverse primers and 1 U of Kapa DNA polymerase (MO BIO). The PCR cycling conditions were modified and consisted of an initial denaturation at 94 °C for 3 min and then 40 cycles of 94 °C for 45 s, 54 °C for 45 s and 72 °C for 1 min, followed by a final extension step at 72 °C for 7 min. PCR contamination controls were used including negative controls. PCR setup and DNA handling procedures were performed in separate and dedicated exclusion hoods; PCR and post-PCR procedures were performed in separate dedicated laboratories.
Gel electrophoresis was used to separate the amplified DNA fragments from the secondary PCR products at the gp60 locus, which were subsequently purified for sequencing using an in-house filter tip method as previously described (Yang et al., 2013) . Purified PCR products were sequenced independently in both directions using an ABI Prism™ Dye Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, California, USA) according to the manufacturer's instructions and with a 54 °C annealing temperature. Sanger sequencing chromatogram files were imported into Geneious Pro 8.1.6 (Kearse et al., 2012) , and the nucleotide sequences of each gene were analysed and aligned with reference sequences from GenBank using Clustal W (http://www.clustalw.genome.jp).
Next Generation Sequencing (NGS)
Partial Cryptosporidium gp60 gene sequences were amplified for NGS on the MiSeq (Illumina) platform using the same assay described for Sanger sequencing (Sulaiman et al., 2005) Sequencing was performed on an Illumina MiSeq using 500-cycle V2 chemistry (250 paired-end reads) following the manufacturer's recommendations.
Bioinformatics analysis
Sequences were processed to retain only reads with perfect AL3532 and LX0029 primer sequences (no mismatches allowed). Primer sequences and distal bases were removed in Geneious Pro 8.1.6 (Kearse et al., 2012) and remaining reads were quality filtered using USEARCH v9.1.13 (Edgar, 2010) , retaining only sequences with a <1% expected error rate (96.4% of sequences retained).
Singletons, doubletons, and sequences with replicate copies less than 0.01% of the total number of unique sequences per sample (14.8% of quality filtered sequences) were discarded due to their high probability of being generated by sequencing and/or PCR error. Chimeric sequences (<0.08%) were identified and removed using USEARCH v9.1.13 (Edgar, 2010) .
All remaining high quality sequences were compared, using BLAST (Altschul et al., 1990) , with an in-house reference database containing 131 Cryptosporidium gp60 sequences from all characterised C. parvum, C. hominis and C. cuniculus subtypes available in GenBank (Supplementary 
Results
Sanger sequencing
Sanger sequencing identified one subtype per amplicon with only one C. hominis subtype (IbA10G2) identified in all 11 C. hominis DNA samples from Eastern Grey kangaroos. Four C. parvum subtypes were identified in ruminant-derived DNA samples from Australia and China: IIaA16G2R1 (n = 3), IIdA15G1 (n = 2), IIdA18G3R1 (n = 2), IIdA19G1 (n = 15); and only one C. cuniculus subtype (VbA23) was identified in all eight DNA samples positive for C. cuniculus from rabbits (Table 1) .
Both IIa and IId C. parvum subtype families were identified in Australian samples positive for C.
parvum, but only the IId C. parvum subtype family was identified in samples from China.
NGS
From the 41 DNA samples, a total of 566,719 high quality NGS reads were obtained after initial quality filtering procedures. For the 11 C. hominis DNA samples, there was 100% agreement between
Sanger and NGS sequencing with C. hominis IbA10G2, the only subtype identified in assigned reads (Table 1) . For the 22 C. parvum samples, however, although the subtype identified by Sanger was also the main subtype identified by NGS, multiple additional subtypes, ranging from 0.4% to 31% of the total assigned reads, were identified. A total of 11 C. parvum subtypes were identified by NGS; IIaA14G2R1 (n = 3), IIaA15G2R1 (n = 3), IIaA16G2R1 (n = 3), IIaA16G3R1 (n = 2), IIdA14G1
(n = 2), IIdA15G1 (n = 2), IIdA17G1 (n = 7), IIdA18G1 (n = 15), IIdA18G3R1 (n = 2), IIdA19G1
(n = 15), IIdA20G1 (n = 12). The number of C. parvum subtypes identified by NGS within individual samples ranged from two to four, with both IIa and IId subtype families identified within the one host in two samples (i.e. AUSC9 and AUSC20) ( Table 1 ).
For C. cuniculus, as with C. parvum, the subtype identified by Sanger was also identified by NGS, with multiple additional subtypes ranging from 0.4% to 6.7% of the total assigned reads identified. A total of three C. cuniculus subtypes were identified by NGS: VbA22 (n = 8); VbA23 (n = 8); VbA25
(n = 8); with all three subtypes identified within individual DNA samples.
The extremely high level of stringency used in identifying the C. parvum, C. hominis, and C.
cuniculus subtypes resulted in a high number of unassigned reads that failed to match known reference sequences with 100% pairwise identity and 100% query cover (or 99% for C. cuniculus) (Table 1) .
Discussion
In the present study, the extent of within-host diversity of gp60subtypes in three Cryptosporidium spp.
(C. hominis, C. parvum and C. cuniculus) from two geographic locations (Australia and China) was analysed using Sanger and NGS. Sanger sequencing identified only one gp60 subtype in each DNA sample (positive for Cryptosporidium); NGS identified the same subtype, but also identified additional within-host subtypes for samples positive for C. parvum and C. cuniculus, but not for C.
hominis. The direct Sanger sequencing of PCR amplicons employed in the present study is not necessarily the best-suited method for uncovering within-host diversity. Other tools such as sequencing clones and Single Strand Conformational Polymorphism (SSCP) can also be employed to identify minor sequence variants or to determine whether products of a PCR are homogeneous or heterogeneous. All the Australian samples were sourced from water catchments in Sydney (New South Wales), and Sanger-based typing of these samples have been previously discussed . Typing of the samples from China (collected from dairy cattle farms) has also been previously reported (Wang et al., 2011 (Wang et al., , 2014 .
Two C. parvum subtype families (IIa and IId) were identified by both Sanger and NGS in ruminantderived DNA samples from both Australia and China, with four and 11 subtypes identified, respectively. The IIa and IId subtypes are found in both humans and ruminants and are responsible for zoonotic cryptosporidiosis (Xiao, 2010) . One C. cuniculus subtype family (Vb) was identified by both Sanger and NGS, with one and three subtypes identified in individual samples, respectively.
Two gp60 subtype families (Va and Vb) have been previously identified in C. cuniculus, with most human cases of cryptosporidiosis caused by the Va subtype family, including the first waterborne outbreak of cryptosporidiosis with C. cuniculus in the UK which was typed as VaA22 (Puleston et al., 2014) . Both Sanger and NGS identified only one C. hominissubtype (IbA10G2) in all 11 DNA samples from kangaroos. This is a dominant subtype responsible for the majority of C. hominisassociated outbreaks worldwide (Xiao, 2010) and the identification of this subtype in kangaroos has previously been independently confirmed .
The finding of multiple gp60 subtypes (2-4) in individual hosts in the present study is consistent with the study by Grinberg et al. (2013) which identified 10 unique subtypes within a single C.
parvum sample through NGS techniques. However, in that study, the number of identified subtypes for a single sample using NGS is much greater than that observed in our study. However, in the study by Grinberg et al. (2013) , two of the four least abundant subtypes were only observed once (singletons) out of a total of 1,589 sequence types and the remaining two subtypes fell outside the percentage cut-off used in this present study. Therefore, it is likely that a more stringent analysis would have resulted in a reduced number of subtypes being identified.
There are several limitations of the present study including the possibility that assignment of multiple subtypes may have been due to NGS sequence artefacts. Error rates for Illumina Miseq sequencing have been estimated at an average of 0.9 errors per 100 bases (Loman et al., 2012; Salipante et al., 2014) , which is considerably less than for other benchtop sequencers, such as the Ion Torrent (∼1.5 errors per 100 bases) (Loman et al., 2012; Salipante et al., 2014) . To accommodate for this potential source of error, we employed a very high stringency for assignment to subtype: 100% pairwise identity and 100% query cover (or 99% for C. cuniculus). This resulted in a large number of unassigned reads (Table 1) . However, at the high stringency level used to assign subtypes, no sequences were equivocally assigned to multiple subtypes, which lends confidence to the data.
It is possible that PCR polymerase slippage artefacts contributed to the number of subtypes detected.
However, it does not account for all the diversity. For example, co-occurrence of C. parvum IIa and IId in two samples cannot be explained by PCR slippage, as this would have required the occurrence of slippage by multiple trinucleotides in the TCA repeat region repeatedly across samples, which is unlikely, given the stability of imperfect repeat regions (Bacon et al., 2000; Klintschar and Wiegand, 2003) . In addition, if PCR polymerase slippage was the main cause of subtype diversity identified, then it would be expected that subtype diversity would also have been seen in C. hominis, which was not the case.
It is possible that the lower PCR annealing temperature required to amplify gp60 sequences for NGS (50 °C) compared with Sanger (54 °C) resulted in non-target sequences being amplified and sequenced alongside Cryptosporidium gp60 sequences, which would contribute greatly to the number of unassigned sequences in this analysis.
Another limitation of the present study is that both Sanger and NGS were conducted using nested and not single round PCR. Nested PCR approaches have an inherent risk of contamination and have previously been shown to exhibit strong amplification biases (Park and Crowley, 2010) . By involving two sequential rounds of amplification, nested PCR may not accurately represent the extent of genetic diversity initially present in the sample, because it introduces a bottleneck in the genetic variation between the first and second round. However, attempts to produce amplicons from single round PCRs were unsuccessful for most of the samples and therefore a nested PCR approach was necessary. This is a well-recognised but inherent problem of Cryptosporidium epidemiological analysis, as frequently Cryptosporidium-positive faecal samples contain very low numbers of oocysts and high levels of PCR inhibitors, which necessitates a nested PCR approach (Paparini et al., 2015) . However, while nested PCR bias may reduce the number of variants detected, in the present study, multiple subtypes were successfully identified in individual samples.
While multiple gp60 subtypes were identified within C. parvum and C. cuniculus, only one subtype was identified in DNA samples positive for C. hominis, which may reflect their local population structures. Little information is available for C. cuniculus, but available data for C. parvum and C.
hominis indicates a flexible reproductive strategy with panmictic (where genetic exchange occurs at random with limited or no sub-structuring), clonal and epidemic population structures (Mallon et al., 2003; Morrison et al., 2008; Tanriverdi et al., 2008; Widmer and Sullivan, 2010; Drumo et al., 2012; De Waele et al., 2013; Ramo et al., 2015 Ramo et al., , 2016 Widmer et al., 2015) . The relative contribution of each type of population structure appears to vary between regions and hosts, and may reflect the prevailing ecological transmission dynamics (Mallon et al., 2003; Tanriverdi et al., 2008; Widmer and Sullivan, 2010; Herges et al., 2012; Widmer et al., 2015) . The finding of only one C. hominis subtype by both Sanger and NGS in the kangaroo-derived DNA samples may reflect a clonal population structure operating locally in kangaroo populations from the main Sydney drinking water catchment.
Analysis of the population structure, however, requires analysis of multiple loci which was not conducted in the present study.
Importantly, the identification of only one C. hominis subtype by both Sanger and NGS in the kangaroo-derived DNA samples suggests a single, recent introduction of C. hominis into kangaroos, which may spill over to infect other hosts in catchments, providing a reservoir for human infection.
However, further research is required on a much larger number of samples belonging to different subtypes. In addition, inferences regarding the population structure are complicated by the fact that the rate of mutation of the gp60 gene remains unknown, multi-locus analysis is required and Cryptosporidium within-host genetic diversity may occur both within and between the oocysts Grinberg and Widmer, 2016) .
The extent of within-host genetic diversity at the gp60 locus, as demonstrated by the present study, may have implications for Cryptosporidium vaccine and drug development. For example, vaccine research for Cryptosporidium has focused on proteins involved in attachment to, and invasion of, host cells (Mead 2014; Ludington and Ward, 2015) . Therefore, immunisation with predominant antigens could result in vaccine failures in some regions where heterogeneous parasite populations dominate (Grinberg and Widmer, 2016) . As with malaria, undetected low-level drugresistant co-infecting species and genotypes of Cryptosporidium within the same host could also impact anti-Cryptosporidium drug discovery studies and result in unexplained chemotherapy failure (Tyagi et al., 2013; Grinberg and Widmer, 2016) . These findings also have implications for our understanding of the epidemiology and transmission dynamics of Cryptosporidium, as previous studies have relied on Sanger sequencing, which may not reflect the extent of within-host diversity and result in incorrect assumptions regarding transmission of the parasite. More extensive studies employing NGS approaches on a wider range of samples are important to determine the extent of Cryptosporidium within-host genetic diversity and should be an essential prerequisite for vaccine, drug and epidemiological studies. 
